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Opposing Signals from Pathogen-Associated M olecular
Patterns and IL-10 Are Critical for Optimal Dendritic Cell
Induction of In Vivo Humoral Immunity to Streptococcus
pneumoniae®

Jesus Colino and Clifford M. Snapper?

Interleukin10iswidely regarded as an inhibitor of immunity in part through itsability to inhibit dendritic cell (DC) function. The
present study suggests a modification of thisview by demonstrating instead that a critical balance exists between signals mediated
by pathogen-associated molecular patterns and IL-10 for optimization of DC induction of an in vivo humoral immune response.
Bone marrow-derived, CD8a~ DC pulsed with Streptococcus pneumoniae in vitro induce in vivo protein- and polysaccharide-
specific | g isotype responses upon adoptive transfer into naive mice. Following bacterial activation, DC have a limited time during
which they can function as effective APCsin vivo dueto the onset of maturation-associated apoptosis. Autocrine I L-10, by limiting
the time during which DC are responsive to widely varying levels of bacterial stimulation, delays the onset of DC apoptosis and
thus prolongs the time during which DC are able to €licit in vivo humoral immunity. These data demonstrate a requirement for
properly balanced positive and negative signaling in DC to optimize an in vivo immune response to a pathogen. The Journal of

Immunology, 2003, 171: 3508—3519.

he dendritic cell (DC)® iswidely regarded asacritical link
between the innate and adaptive immune response. Spe-

cifically, upon contact with pathogen, immature DC, lo-
cated at common sites of pathogen entry, become activated, via
Toll-like receptors, in response to pathogen-associated molecular
patterns (PAMPs) (1, 2). Immature DC are highly phagocytic (3, 4)
and upon activation release a number of proinflammatory cyto-
kines and chemokines that can act in both an autocrine and para-
crine fashion to stimulate innate immunity as well as shape the
nascent adaptive immune response (5). Activated DC also undergo
aprocess of maturation characterized by a shift from expression of
inflammatory to lymphoid chemokine receptor expression, cy-
toskeletal reorganization, loss of adhesive structures, and acquisi-
tion of high cellular motility (2, 6), all of which serve to mediate
DC migration from the peripheral tissue to secondary lymphoid
organs, where DC come into contact with naive T cells. This is
associated with aloss of DC phagocytic capacity, the translocation
to the surface of intracellular MHC class || complexed with pep-
tides from the processed microbia proteins, and up-regulation of
membrane costimulatory molecules, CD40, CD80, and CD86,
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eventsthat are critical for the effective priming of naive T cellsand
the initiation of the adaptive response (7, 8).

Naive CD4" T cells require prolonged (~20-h) contact with
mature DC to reach a cumulative signaling threshold for effective
recruitment into the adaptive response (9). Thus, factors that reg-
ulate DC longevity could significantly impact the generation of T
cell effector and memory cells and the subsegquent humoral and/or
cell-mediated immune response. In this regard, mature splenic DC
have been found to have a very short t,,, (1.5-2.9 days) (10).
Furthermore, injection of mice with bacterial PAMPs such as LPS
induces a rapid onset (within several hours) of DC apoptosis fol-
lowing DC migration from the splenic margina to the T cell zone
(11). Injection of OVA peptide into LPS-treated OV A-specific,
TCR transgenic mice rescues DC from LPS-mediated apoptosisin
Vivo, suggesting that T cells can promote DC survival (11). Thisis
supported by the observation that CD40 ligand and TNF-related
activation-induced cytokine, which are induced on activated T
cells, can rescue DC from apoptosis (12, 13). Thus, the ability to
regulate DC apoptosis may be critical for proper homeostasis of
the adaptive T cell response, although very little is known regard-
ing the parameters that regulate DC longevity in response to intact
pathogens. One report demonstrated the ability of Listeria mono-
cytogenesto induce DC apoptosis viathe action of hemolysin (14).

Aside from toxic effects of pathogens on DC, pathogen-induced
DC maturation by itself could potentially initiate a proapoptotic
program that might limit the duration during which DC could act
as APC. In this regard, parameters that modulate DC maturation
could likewise have an effect on DC longevity. Nevertheless, the
relative ability of apoptotic cells containing microbial Ag to initi-
ate immunity via uptake by viable resident DC is still a matter of
debate. Thus, T cell priming mediated by migratory DC-carrying
microbial Ags from peripheral tissues to the secondary lymphoid
organs has been hypothesized to occur through two potential path-
ways: 1) direct Ag presentation by the incoming DC expressing
membrane MHC-microbial peptide complexes and/or 2) indirect
Ag presentation by resident DC upon phagocytosis and processing
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of apoptotic or necrotic fragments of Ag-carrying DC that had
migrated to the lymphoid organ (15). Although cross-priming for
CTL induction has been well described, via DC uptake of viraly
infected apoptotic cells (16), little is known in this regard concern-
ing the mechanism of DC presentation of bacterial Ags. In vitro,
contradictory results have been obtained using different apoptotic
cell types. Thus, whereas DC that internalize Salmonella-infected
macrophage-apoptotic bodies efficiently present bacteria-encoded
Ag on MHC class | and Il molecules (17), uninfected apoptotic
neutrophils inhibit the ability of LPS-activated DC to prime naive
T cells (18).

In the present study, we investigated the parameters that regul ate
DC longevity in response to bacterial challenge and the associated
impact on the ability of DC to induce in vivo humoral immunity.
We demonstrate a requirement for properly balanced positive and
negative signaling in DC following exposure to bacteria that ap-
pears to be critical for optimizing DC induction of an in vivo
antibacterial humoral immune response.

Materials and Methods
Mice

C57BL/6N and BALB/c mice were obtained from the National Cancer
Ingtitute (Gaithersburg, MD). 1L-10~'~ mice and their corresponding
C57BL/6J controls were obtained from The Jackson Laboratory (Bar Har-
bor, ME). Mice were used at 8—10 wk of age and were maintained in a
pathogen-free environment at Uniformed Services University of the Health
Sciences (USUHS, Bethesda, MD). The experiments in this study were
conducted according to the principles set forth in the Guide for the Care
and Use of Laboratory Animals, Institute of Animal Resources, National
Research Council, Department of Health, Education, and Welfare (Nation-
a Institutes of Health) 78-23.

Streptococcus pneumoniae strains and bacterial Ags

The S. pneumoniae capsular type 14 strain (Pn14) was generously provided
by S. Wilson (USUHS). Recombinant pneumococca surface protein A
(PspA) was expressed in Saccharomyces cerevisiae BJ3505 as a Hiss-
tagged fusion protein, and purified by Ni-NTA affinity chromatography
(19). Phosphorylcholine-keyhole limpet hemocyanin (PC-KLH), a gift of
A. Lees (Biosynexus, Rockville, MD), was synthesized, as described pre-
viously (20). The resulting conjugate had a substitution degree of 19 PC-
KLH molecule. Purified capsular polysaccharide type 14 (Cps14) was pur-
chased from American Type Culture Collection (Manassas, VA).

Bacterial culture and preparation of the bacterial inoculum

Isolated coloniesin Columbiablood agar were grown in Todd Hewitt broth
to mid-log phase, collected, heat killed by incubation at 60°C for 1 h,
extensively washed in PBS, and adjusted with PBS to 10° CFU/ml by
absorbance reading of 0.6 at 650 nm. Sterility was confirmed by subculture
on blood agar plates. Bacteria were then aliquoted at 10*° CFU/ml and
frozen at —80°C until thawed for use.

Cell culture medium

The cell culture medium consisted of RPMI 1640 supplemented with 5%
FCS (BioWhittaker, Walkersville, MD), 50 uM 2-ME, 20 pg/ml genta-
micin, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM nonessential
amino acids, and 25 mM HEPES.

Bone marrow cell culture

DC were cultured from bone marrow, essentially as previously described
(21), with slight modifications (8). Briefly, bone marrow cell suspensions
were depleted of T cells, B cells, and other MHC class |1-expressing cells
by incubation for 30 min at 4°C with a mAb cocktail composed by AF6-
120.1 (mouse 1gG2ax anti-I-AP), RA3-6B2 (rat IgG2ax anti-
CD45R/B220), 53-5.8 (rat IgG1« anti-CD8b.2), and RB6-8C5 (rat |gG2bk
rat anti-Ly-6G), and negatively selected by magnetic bead cell sorting us-
ing a mixture of affinity-purified polyclona goat anti-rat 1gG- and goat
anti-mouse 1gG-conjugated beads (BioSpheres; Biosource, Camarillo,
CA). All the mAbs were purchased from BD PharMingen (San Diego,
CA). The bone marrow cells obtained were cultured at 1.25 X 106 cells/m
in cell culture medium supplemented with 10 ng/ml murine rGM-CSF,
kindly provided by L. Grinberg (Biosynexus). On days 3 and 5, the super-
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natant was removed and replaced with fresh medium containing GM-CSF.
Typical experiments were performed with the nonadherent and loosely
adherent cell population from cultures at day 6—8. At the end of the culture
period, =95% of the cells displayed the morphology and cell surface mark-
ers characteristic of myeloid DC.

Bacterial pulsing of bone marrow-derived DC (BMDC) for in
vitro experiments

BMDC collected after 6—8 days of culture were washed twice in cell
culture medium, and plated at 10° BMDC/ml of medium without GM-CSF
in 24- or 48-well cell culture plates (Costar, Corning, NY). After 30 min,
to alow cells to settle, 50—100 wl of a bacterial suspension in cell culture
medium containing the desired amount of inactivated S. pneumoniae was
added to the cultures and maintained during the pulse. Alternatively, for
pulse-chase experiments, BMDC were collected after the pulse, the excess
of bacteria was extensively washed, and the BMDC were replated in me-
dium without GM-CSF and cultured for the desired time of chase. GM-
CSF is not a critica factor for the survival of the BMDC generated from
stem cell primary cultures after the first 6—8 days of in vitro culture in the
presence of GM-CSF (22).

Trypan blue exclusion assay

Cell membrane permesability and viability were tested by the trypan blue
exclusion assay by adding a mixture of a 0.4% solution of trypan blue
(Sigma-Aldrich, St. Louis, MO) in cell-containing medium at a /5 viv
dilution. Percentage of viable cells was counted by light microscopy using
a hemocytometer.

DNA labeling and flow cytometric analysis

The percentage of apoptotic nuclei was measured by flow cytometry, after
propidium iodide (PI) staining in hypotonic buffer, essentially as described
by Nicoletti et a. (23). Briefly, BMDC were collected at different time
points during the pulse with bacteria or drug treatment and washed exten-
sively, and the cell pellet of 1 X 10° BMDC was gently resuspended in 1
ml of hypotonic fluorochrome solution (50 wg/ml Pl in 0.1% sodium citrate
plus 0.1% Triton X-100). The tubes were placed at 4°C in the dark over-
night, and the PI fluorescence of individual nuclei was measured by flow
cytometric analysis (23). BMDC treated in culture for 12-24 h with 1
ng/ml actinomycin D (Act D; Sigma-Aldrich) were used as positive con-
trols of apoptosis. BMDC treated with 0.2% saponin (Sigma-Aldrich) were
used as positive control of necrosis.

Inhibition of caspase-10 activity

Caspase-10 activity was irreversibly inhibited by treatment of BMDC with
50 uM of the cell-permeable Z-AEVD caspase inhibitor (R&D Systems,
Minneapolis, MN). The inhibitor was added to the cultures 30 min before
the pulse with bacteria and maintained in the culture medium during the
pulse. This treatment efficiently blocked the BMDC apoptosis induced by
heat-killed S pneumoniae (22).

Flow cytometric analysis of BMDC surface Ag expression

All steps were performed on ice. For staining BMDC for flow cytometry,
the Fc receptors were specifically blocked with 2.5 pg/mi/10° BMDC of
anti-CD16/CD32 mAb (clone 2.4G2; BD PharMingen) in PBS containing
1% FCS, 45 min before the staining, and during the staining. Cells were
stained by incubation for 30 min with biotinylated or PE-conjugated mAbs
(BD PharMingen) specific for CD1lc (clone HL3), I-AP (clone
AF6-120.1), I-AY (clone AMS-32.1), H2-K® (AF6-88.5), H2-K® (SF1-1.1),
CD40 (clone 3/23), CD80 (16-10A1), CD86 (clone GL 1), and CD25 (clone
PC61). The incubation with biotinylated mAbs was followed by staining
with PE-streptavidin conjugate for 15 min. For detection of CD16/CD32
expression with the specific Ab (clone 2.4G2), the Fc blocking step was
omitted. Irrelevant isotype- and species-matched mAbs were used as stain-
ing controls. Cells were analyzed on an EPICS XL-MCL (Beckman
Coulter, Miami, FL). Dead cells and debris were excluded from analysis by
gating on the appropriate forward and side scatter profile.

Phagocytic capacity of BMDC

The time course of bacteria internaization was tracked by pulsing the
BMDC with S. pneumoniae labeled with the fluorescent lipophilic cell
tracker chloromethylbenzamido derivative of 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) (CM-Dil; Molecular
Probes, Eugene, OR), as previously reported (8). Briefly, at different time
points of the pulse, BMDC were collected and washed in PBS, and viable
BMDC were analyzed by flow cytometry with gating by size, to exclude
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free bacteria. BMDC pulsed with unlabeled bacteria at the same ratios were
used to estimate the background of nonspecific fluorescence.

Cytokine ELISA

The concentrations of specific cytokines released into the medium of
BMDC cultures were measured using optimized standard sandwich
ELISA. Recombinant cytokines used as standards, as well as the capture
mAbs, biotinylated mAbs used for detection, and streptavidin-alkaline
phosphatase (AP), were purchased from BD PharMingen. Streptavidin-AP
was used in combination with p-nitrophenyl phosphate disodium (Sigma-
Aldrich) as substrate to detect the specific binding. Standards were in-
cluded in every plate, and the samples were tested in duplicate. The de-
tection limits of the respective ELISAs were IL-6, 4 pg/ml; IL-10, 70
pg/ml; 1L-12 (p40/p70), 6 pg/ml; IL-12 (p70), 125 pg/ml; TNF-«, 12
pg/ml.

Bacterial pulsing of BMDC for in vivo transfer experiments

In experimentsinvolving transfer of in vitro pulsed BMDC into naive mice,
the BMDC were pulsed at ratios of 800 bacteria per individua BMDC
during atime pulse of 5, 24, or 44 h. After the pulse, the excess of bacteria
was extensively washed, at least six times each for 10 min at 350 X g at
4°C. A control tube containing a mixture of thymocytes and CM-Dil flu-
orescent-labeled S. pneumoniae at the same bacterial density as at the onset
of BMDC pulsing was used to monitor the progress of the washings. If
>100 free bacteria were found in the resulting examination of the pelleted
cellsin an inverted fluorescent microscope, the washings were continued.
The pulsed BMDC pellet obtained was resuspended in fresh medium at
0.5 X 10’ BMDC/ml, and doses of 200 ul (10° BMDC) were injected i.v.
into the mice. Alternatively, BMDC were replated and cultured for an
additional 18—20 h in medium aone (i.e., chase) before transfer to the
recipient mice. For the experiments comparing capacity of BMDC sub-
jected to different times of pulse and chase with bacteria to induce Ag-
specific 1g isotype responses in vivo, the addition of bacteria was timed to
dlow the injection of the BMDC at the same time in al the experimental
groups of mice.

Immunization and cell transfer

For invivo lg induction studies, naive mice were injected i.v. with 1 X 10°
viable trypan blue-excluded, pulsed wild-type or IL-10~'~ BMDC follow-
ing various in vitro treatments. Serum samples were obtained 14 days after
BMDC transfer.

Measurement of serum titers of g isotypes specific to Cpsl4,
PC, and PspA by ELISA

Immulon-4 HBX (Dynex Technologies, Chantilly, VA) microtiter plates
were coated with 0.5 pg/well of the Cpsl4 of S pneumoniae in 0.1 M
bicarbonate buffer, pH 9.6, overnight at 4°C. After the plates were washed
four timesin 0.1 M Tris, pH 8.3, containing 0.05% Tween 20 and 5% OVA
(EBTA), 3-fold dilutions of the serum samples diluted in EBTA were then
added starting at 1/10 or 1/25, and the plates were incubated overnight at
4°C. The plates were washed three times with EBTA and incubated 1 h at
37°C with polyclona goat anti-mouse IgM, 1gG1, 1gG2a, 1gG2b, or 1gG3
conjugated to AP. Plates were washed five times with PBS containing
0.05% Tween 20, and the enzymatic reaction was developed for 2 h at
room temperature using, as substrate, 1 mg/ml solution of p-nitrophenyl
phosphate disodium in 1 M Tris-CIH buffer, pH 9.8, and 0.3 mM MgCl..
In every plate was included one high titer antisera pool as standard to
normalize the interassay results. Titers were expressed as the dilution of
sera giving an absorbance at 405 nm equal to 1.0. If the absorbances ob-
tained were under 1, the titer was extrapolated from the standard curve. The
ELISAs for the measurement of PC and pneumococcal surface protein A
(PspA)-specific 1g isotype titers have been previously reported (20).
Briefly, Immulon 4 HBX immunoplates were coated overnight with 0.5
ng/well of PC-KLH or rPspA in PBS at 4°C. The plates were washed in
PBS containing 0.05% Tween 20, and unspecific binding was blocked with
PBS containing 2% BSA. The protocols were similar to those described for
detection of Cpsl4-specific Ig.

Satistics

Data were expressed as arithmetic mean = SEM of the individual titer.
Levels of significance of the differences between groups were determined
by the Student t test. Values of p < 0.05 were considered statistically
significant.

IL-10 PROLONGS DC APC FUNCTION

Results

Protein- and polysaccharide-specific 1g isotype responses
elicited in vivo by BMDC pulsed in vitro with S. pneumoniae
decreased with the time of pulse

As we previously reported (8), BMDC pulsed in vitro for 5 h with
heat-killed S. pneumoniae, then transferred into naive recipients,
elicited 1g isotype responses specific for bacterial protein (i.e.,
PspA) and polysaccharide (i.e., PC, determinant of C-polysaccha
ride or Cpsl4) Ags. However, as shown in Fig. 1, we observed that
the time of pulse with bacteria strongly impacted on the capacity
of BMDC to induce in vivo Ag-specific |g isotype responses, de-
spite the fact that in all cases equal numbers of pulsed BMDC,
excluding trypan blue, were injected. Thus, BMDC exposed to
heat-killed S. pneumoniae for 24 h in vitro before transfer into
naive mice were strikingly less able to stimulate 1gG anti-PspA,
anti-PC, and anti-Cpsl4 responses in vivo, relative to BMDC
pulsed in vitro for only 5 h before transfer. In contrast, the time of
pulse had no significant effect on the IgM anti-PC or IgM anti-
Cpsl4 response. As further illustrated in Fig. 1, this difference was
not due to alonger in vitro exposure of BMDC to free bacteriain
the culture medium, because a 5-h pulse with S. pneumoniae, fol-
lowed by resuspension of washed BMDC in medium alone for an
additional 18 h (i.e., an 18-h chase) also led to strongly reduced Ig
responses in vivo after BMDC transfer to naive mice, similar to
that observed for BMDC receiving the continual 24-h pulse. Fur-
ther extending the time of in vitro pulse to 44 h or to a 24-h pulse,
followed by a 20-h chase before BMDC transfer in vivo, led to a

10000
PC PspA
"h 1000
= A
Y
"
100 ;
[
4
<25 H
M G1 G2aG2b G3 G1 G2a G2b
Il 5h pulse
1000 24h pulse
[ 5h pulse+ 18h chase
= 44h pulse
h [ 24h pulse +20h chase
E
100 |

M G1 G2aG2b G3

FIGURE 1. Protein- and polysaccharide-specific |g isotype responses
elicited in vivo by BMDC pulsed in vitro with S, pneumoniae decreased
with the time of pulse. BMDC were pulsed in vitro with heat-killed S.
pneumoniae type 14 (bacteriazBMDC 800:1) for either 5, 24, or 44 h, then
washed to remove free bacteria, followed by injection of pulsed BMDC i.v.
(10° trypan blue excluded viable BMDC/mouse) into naive C57BL/6 mice
(n = 7). Alternatively, BMDC pulsed for either 5 or 24 h were washed,
then recultured in medium alone for an additional 18 or 20 h, respectively
(chase) before being injected into recipient mice. Statistical significance
(p = 0.05 by Student’s t test) with respect to differences in serum Ag-
specific 1g isotype titers induced relative to 5-h pulse BMDC is indicated
by asterisks (*); relative to 24-h pulse BMDC isindicated by dots (e). The
data shown are representative of two independent experiments.
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further and complete abrogation of the 1gG anti-PspA response,
again using similar numbers of trypan blue-excluded, pulsed
BMDC for in vivo transfer. A similar effect was also observed for
the 1gG1 and/or 1gG2a anti-PC and anti-Cpsl4 responses (Fig. 1).
In contrast, the IgG3 and 1gG2b anti-PC and anti-Cpsl14 responses
were equally impaired with pulse times of 24 or 44 h, relative to
5 h. Once again, the IgM anti-PC and IgM anti-Cps14 responses at
44 h were similar to those in which pulse times were either 5 or
24 h. These data indicated that a 5-h exposure to heat-killed S.
pneumoniae induces, in vitro, a time-dependent process within
BMDC that eventually diminishes their capacity to induce an in
vivo 1gG antiprotein and antipolysaccharide response when trans-
ferred into naive mice.

Heat-killed S. pneumoniae induced significant apoptosis of
BMDC, beginning 24 h after bacterial exposure, that was
correlated with DC activation and phenotypic maturation and
not to direct toxicity

We recently demonstrated that intact S. pneumoniae induce DC
apoptosis (22). Thus, loss of BMDC function upon adoptive trans-
fer after prolonged in vitro culture following activation with S.
pneumoniae could be secondary to the subsequent onset of apo-
ptosis. To quantify BMDC apoptosis, we measured the percent-
ages of hypodiploid nuclei, using propidium iodide staining and
flow cytometry (23), at various times following continual exposure
of BMDC to heat-killed S. pneumoniae in vitro. At a bacteria:
BMDC ratio of 800:1, used for the experiments illustrated in Fig.
1, pulsed BMDC at 24 h exhibited only a modest degree (<20%)
of apoptosis compared with pulsed BMDC at 5 h or unpulsed
BMDC at 24, 44, or 72 h, which exhibited a basal level of hypo-
diploid cells (Fig. 2, A and B). In contrast, at 44 and 72 h after
bacterial exposure, up to 60 and >80%, respectively, of BMDC
exhibited apoptosis. Similar kinetics, although somewhat lower
percentages of apoptotic cells, were observed following a5-h pulse
of BMDC at 800:1 bacteria:BMDC ratio, followed by reculture of
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washed BMDC in medium alone (chase) (Fig. 2B). In contrast to
the delayed kinetics of induction of BMDC apoptosis observed in
response to heat-killed S. pneumoniae, a primary inducer of apo-
ptosis, Act D, rapidly induced apoptosis, with ~80% hypodiploid
nuclel observed at ~10 h after exposure.

The degree of apoptosis induction was dependent upon the bac-
teriaaBMDC ratio with progressive reduction in the percentage of
apoptotic cells observed over time as the ratio was lowered (Fig.
2B). Of interest, the bacteria dose response for induction of apo-
ptosis of BMDC closely followed that observed for the degree of
induction of cytokine secretion (i.e.,, TNF-a and IL-6) (Fig. 2C)
and phenotypic maturation, as evidenced by increases in cell sur-
face expression of CD86, CD40, MHC class II, and CD25, and
decreased expression of CD16/CD32 (Fig. 2D). These data
strongly suggest that the BMDC pulsed with heat-killed S. pneu-
moniaefor 24 or 44 h, as opposed to 5 h, are ineffective at inducing
Ig when transferred into naive mice, because they are poised to
undergo apoptosis at these latter time points. Furthermore, these
data suggest that the delayed induction of apoptosis by heat-killed
S pneumoniae, as opposed to Act D, is associated to BMDC ac-
tivation/maturation program and not a direct toxic effect of the
bacteria itself.

Autocrine IL-10 diminishes BMDC apoptosis in response to
heat-killed S. pneumoniae

Cytokines released by DC in response to bacterial challenge could
play a role in modulating the subsequent induction of apoptosis
either directly via the apoptotic signaling pathway and/or indi-
rectly through effects on cellular maturation. In turn, this could
influence the ability of such DC to induce Ag-specific Ig re-
sponses. We previously demonstrated that BMDC secrete |L-6,
IL-12, TNF-«, and IL-10 in response to S. pneumoniae (8). IL-10
concentrations detected in culture supernatant were of 200 + 66
pg/ml, 5 h, and 1615 = 220, 20 h after a pulse with 800 bacteria
per BMDC. Thus, we added 25 pg/ml of either neutralizing anti-

12h 48h 72h 2 Bacteria : BMDC ratio
0.7 = —o— 01
;'—' ; r b —0— 10:1
media ’ E : s 3 00
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FIGURE 2. Bacteria dose dependence and kinetics of induction of BMDC nuclear fragmentation, cytokine secretion, and phenotypic maturation. A,
Flow cytometric analysis of Pl-stained DC cultured in medium aone or pulsed (bacteria BMDC 800:1) for the time periods indicated. The percentages of
hypodiploid nuclei are shown in every graph. B, Kinetics of induction of hypodiploid nuclei at different bacteriaaBMDC ratios. Hatched lines represent
BMDC pulsed for 5 h with bacteria, followed by reculture in medium alone (chase). A total of 1 wg/ml Act D was used to directly induce BMDC apoptosis.
C, Concentrations of secreted TNF-a and IL-6 in culture supernatant over time using different bacteria BMDC ratios were determined by ELISA. D, BMDC
were cultured for 20 h with the indicated ratios of bacteria BMDC, and the level of expression of several cell surface proteins typically modulated during
maturation was determined by flow cytometry. The expression of these markersisindicated asfold change of the mean fluorescence intensity (MFI) relative
to BMDC cultured in medium aone. For the DNA fragmentation studies, the arithmetic mean = SEM of three independent experiments in triplicate is

shown.
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IL-6, anti-IL-12, anti-TNF-«, or anti-IL-10 mAb to BMDC cul-
tures at the time of addition of heat-killed S. pneumoniae. After
72 h of culture, BMDC were analyzed by flow cytometry for per-
centage of hypodiploid nuclei. These mAbs efficiently neutralized
the released cytokines to undetectable levels, as measured by
ELISA (data not shown). As shown in Fig. 3, neutralization of
IL-10 resulted in a substantial augmentation in apoptosis of pulsed
BMDC. In contrast, neutralization of TNF-« led to a modest, al-
though significant, decrease in apoptosis. 1L-10 modulated apo-
ptosis only in response to bacteria challenge, in that addition of
IL-10, aswell as|L-6, IL-12, or TNF-« or IL-2 or IL-4 to cultures
of unpulsed BMDC at concentrations from 10 pg/ml to 10 ng/ml,
had no effect on apoptosis over the 72-h culture period (data not
shown).

Autocrine IL-10-mediated reduction in BMDC apoptosis is
associated with diminished BMDC maturation

We next wished to determine whether the reduction of BMDC
apoptosis secondary to autocrine IL-10 was associated with
changes in BMDC maturation. At 24 h after pulsing with S. pneu-
moniae, BMDC from IL-10"/~ mice showed significantly greater
expression of cell surface MHC class |1, CD40, CD25, CD80, and
CD86, and lower levels of CD16/CD32 relative to 1L-10"""
BMDC (Fig. 4A). A similar effect on BMDC phenotype was ob-
served when neutralizing anti-1L-10 mAb was added to cultures of
pulsed 1L-10""" BMDC when compared with pulsed BMDC
treated with a control mAb (Fig. 4B). Consistent with these data,
the reverse effect on phenotype was seen when IL-10~/~ BMDC
were treated with 1L-10 (Fig. 4B). IL-10"/~ and IL-10"/* BMDC
showed similar degrees of bacterial uptake 5 h after S pneumoniae
addition, but by 24 h, 1L-10"/~ BMDC showed significantly less
overall uptake than 1L-10"'* cells (Fig. 4C) consistent with
BMDC in a more advanced stage of maturation. These data indi-
cate that the reduction in apoptosis due to autocrine IL-10 is as-
sociated with a decrease in BMDC maturation, with a consequent
decrease in bacterial uptake.

Late, but not early, release of cytokines in response to S.
pneumoniae is down-modulated by autocrine IL-10

Unlike BMDC maturation, which is clearly manifest ~24 h after
exposure to S pneumoniae, cytokine production is initialy de-

100%
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FIGURE 3. Addition of neutralizing anti-IL-10 mAb increases the per-
centage of apoptotic BMDC in the presence of S. pneumoniae. BMDC
were cultured with S. pneumoniae (bacteriaBMDC 800:1) for 48 h in the
presence or absence of the indicated neutralizing mAbs (25 pg/ml). The
percentage of BMDC hypodiploid nuclei was determined for each group by
Pl staining and flow cytometry. The arithmetic mean = SEM of triplicate
culturesisdisplayed. Statistically significant differences (p = 0.05) relative
to BMDC cultures receiving no mAb are denoted by an asterisk ().
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tected within several hours after BMDC activation. To determine
the effect of autocrine IL-10 on BMDC activation, we measured
the concentration of secreted IL-12 (Fig. 4D) and IL-6 (data not
shown) by IL-107/~ vs IL-10*'* BMDC at varying times after
addition of S. pneumoniae. The secretion of 1L-12 by IL-10~/~ and
IL-10"/* BMDC, 2 h after addition of S. pneumoniag, was similar
(Fig. 4D). However, starting at ~4 h, the IL-10~/~ BMDC exhib-
ited a progressive enhancement in IL-12 secretion relative to IL-
10" cells. Similar datawere obtained for |L-6 secretion (data not
shown). This same proportional effect occurred over a wide range
of bacteriaaBMDC ratios (the lower ratio induced 50—100 times
less IL-12 and IL-6 than the higher ratio). Consistent with these
data (Fig. 4E), pulsed IL-10"/~ BMDC treated with IL-10 also
showed no differencein IL-12 secretion at 2 h, relative to untreated
cells, over a wide bacteriaBMDC ratio, but exhibited a progres-
sively attenuated response starting at 4 h. Similar effects were ob-
served for IL-6 secretion (data not shown). These data indicate that
autocrine 1L-10 down-modulates BMDC function, beginning only
after at least 4 h of initia contact with bacteria, to the same pro-
portional degree regardless of the stimulating dose of bacteria and
the associated level of induced cytokine.

BMDC are receptive to |L-10-mediated functional modulation
only within the first ~4 h following exposure to S. pneumoniae

In the next set of experiments, we wished to determine the time
during which IL-10 mediated its functional effects on BMDC fol-
lowing S pneumoniae activation. Thus, neutralizing anti-IL-10
mADb was added to BMDC cultures at varying times after addition
of S. pneumoniae and both phenotypic maturation (Fig. 5A) and
cytokine secretion (Fig. 5B) were determined 20 h after initiation
of culture. Delay of addition of anti-IL-10 mAb up to 4 h after
initiation of culture led to a progressively greater autocrine I1L-10-
mediated reduction of CD86 expression and secretion of IL-6, IL-
12, and TNF-« and a concomitant increase in expression of CD16/
CD32. By 6 h, no significant effect of anti-IL-10 mAb was
observed. In a complementary experiment (Fig. 5C), I1L-10 was
added to cultures of IL-10"/~ BMDC at varying times after ad-
dition of S. pneumoniae, and cytokine secretion was measured 20 h
after initiation of culture. Delay of addition of 1L-10 up to 4 h led
to a progressive loss of I1L-10-mediated inhibition of secretion of
IL-6, IL-12, and TNF-«, with no significant effect of 1L-10 ob-
served when added at 6 h. Collectively, these data indicate that
IL-10 signaling only within the first 4—6 h following contact with
S pneumoniae results in the subsequent modulatory effects of
IL-10 on DC activation and maturation.

Increasing bacterial activation necessitates higher 1L-10
concentrations for optimal inhibition of IL-12 secretion

To determine the relationship between the level of bacterial stim-
ulation and the IL-10 dose requirements for modulation of BMDC
activation, we established cultures with different bacteriaaBMDC
ratios (200:1, 50:1, and 10:1), which resulted in progressively
lower 1L-12 responses. All BMDC were obtained from IL-10"/~
mice. To each of these groups we added varying amounts of 1L-10
(0.1, 1.0, and 10 ng/ml) either at the initiation of culture, or 3or 6 h
later, and measured the concentrations of secreted IL-12 at 20 h
after start of culture (Fig. 5D). When added at initiation of culture,
all concentrations of IL-10 were effective at suppressing IL-12
secretion, regardless of the bacteria:BMDC ratio. However, when
addition of 1L-10 was delayed by 3 h, the lowest dose of IL-10 (0.1
ng/ml) was relatively ineffective at suppressing I1L-12 secretion at
the highest bacteriaaBMDC ratio, but was partially suppressive for
the two lower ratios. In contrast, the higher doses of 1L-10 (1.0 and
10 ng/ml) were partialy effective at inhibiting 1L-12 secretion at
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FIGURE 4. IL-10 regulates the magnitude of cytokine secretion, phenotypic maturation, and bacterial uptake in BMDC activated by S pneumoniae. A,
BMDC derived from IL-10"'* or IL-10~'~ mice were stimulated with S. pneumoniae (bacteriaBMDC 800:1) or cultured in medium alone for 24 h, and
the level of expression of several phenotypic markers was determined by flow cytometry. Data are expressed as fold change of MFI mean = SEM MFI
of triplicate cultures of IL-10~/~ BMDC relativeto IL-10"* BMDC. B, IL-10""* BMDC were activated with S. pneumoniae (bacteriaBMDC 800:1) for
24 h in the presence or absence of 10 wg/ml neutralizing anti-1L-10 mAb (filled bar) or IL-10~/~ BMDC were activated with S. pneumoniae (bacteria:
BMDC 800:1) for 24 h in the presence or absence of 10 ng/ml IL-10 (open bar). Anti-IL-10 mAb or IL-10 was added 30 min before pulse with bacteria
and maintained during the pulse. Data are expressed as fold change of the MFI = SEM from triplicate cultures of treated BMDC (either anti-1L-10 mAb
or IL-10) relative to untreated S. pneumoniae-activated BMDC cultures. C, IL-10"'* and IL-10~/~ BMDC were cultured with CM-Dil-labeled S. pneu-
moniae for 5 or 24 h, and the level of cell-associated fluorescence was determined by flow cytometry. IL-10"* BMDC cultured with labeled bacteria at
4°C served as a negative control. D, BMDC derived from IL-10™/* or IL-10~/~ mice were stimulated with S pneumoniae at the ratios indicated, and the
concentrations of 1L-12 in culture medium expressed as fold change of the mean + SEM of triplicates in IL-10~/~ BMDC relative to IL-10""* BMDC
cultures treated with same bacteriaBMDC ratio. As reference, the IL-12 concentrations (nanograms per milliliter) in the supernatant of IL-10~/~ BMDC
pulsed at the higher ratio (1000:1) were 0.11 (2 h), 8.2 (4 h), 22.8 (6 h), and 276 (24 h); for the lower ratio (50:1) were 0.02 (2 h), 0.28 (4 h), 3.1 (6 h),
and 7.8 (24 h). E, I1L-10~'~ BMDC were stimulated with several bacteriaBMDC ratios of S. pneumoniae in the presence or absence of 10 ng/ml of I1L-10,
and the concentrations of IL-12 in culture supernatant were expressed as fold change of mean = SEM of triplicate cultures of IL-12 concentrations in
IL-10-treated 1L-10~'~ BMDC redative to IL-10~'~ BMDC cultured in the absence of IL-10. As reference, the |L-12 concentrations (nanograms per milliliter)
in the supernatant of 1L-10~/~ BMDC pulsed at the higher ratio (1000:1) were 0.1 (2 h), 3.1 (4 h), 3.9 (6 h), and 4.1 (24 h); for the lower ratio (50:1) were 0.02
(2 h), 0.08 (4 h), 0.15 (6 h), and 0.16 (24 h)

the two higher bacteriaaBMDC ratios (200:1 and 50:1) and were tion, but perhaps limits the time during which DC are able to
able to completely suppress IL-12 secretion at the lowest ratio respond to bacteria-mediated signaling. To resolve this question,
(10:1). Partial, although far less inhibition of IL-12 secretion was IL-10*"* BMDC and IL-10"/~ BMDC in the presence or absence
still attainable in most groups when 1L-10 was added at 6 h. In of exogenous IL-10 were cocultured with S. pneumoniae for vary-
||ght of the pOS.tiVe correlation between bacterial dose and release |ng periods of time (pu|5e) After the penod of pu|se’ BMDC were
of 1L-10 by IL-10""" BMDC, these data suggest that autocrine  extensively washed and recultured in medium alone for an addi-
IL.-10 counterbalances DC activation induced by varying levelsof  tiong 20 h (chase), upon which the concentrations of secreted
bacterial stimuli. IL-12 were measured. As indicated in Fig. 6, increasing the S.
pneumoniae pulse time up to 4 h led to modestly progressive in-
creases of 1L-12 secretion over the subsequent 20-h chase period
for al BMDC cultures. However, pulse times longer than 4 h led
to a progressive loss of IL-12 secretion by 1L-10"/* BMDC and
by IL-10~/~ BMDC treated with IL-10. In distinct contrast, IL-
10—/~ BMDC continued to secrete ever higher amounts of IL-12
as the exposure time to S pneumoniae was increased. These data

IL-10 controls the time during which BMDC are responsive to
the bacterial stimuli

IL-10 iswidely regarded as an inhibitor of DC activation and mat-
uration. However, our data that 1L-10 works within the 4-h time
period following bacterial activation, but that its effects are not
observed until after the time period of itsaction is over (>4 h), led
us to hypothesize that IL-10 does not directly inhibit DC activa-
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FIGURE 5. Kinetics of 1L-10 action on phenotypic maturation and cy-
tokine secretion of BMDC in response to S. pneumoniae. A, 1L-10""
BMDC were cultured for 24 h with S, pneumoniae in the presence or
absence of 10 pg/ml neutralizing anti-IL-10 mAb added at different times
after initiation of culture. Levels of expression of cell surface CD1lc,
CD86, and CD16/CD32 were measured in triplicate cultures by flow cy-
tometry as mean MFlI = SEM and expressed as fold change in treated
(anti-IL-10 mAb) vs untreated BMDC. B, IL-10™"* BMDC were cultured
with S, pneumoniae in the absence or presence of 10 wg/ml neutralizing
anti-IL-10 mAb added at different times after initiation of culture. C, IL-
10~'~ BMDC were cultured with S. pneumoniae in the absence or presence
of 10 ng/ml 1L-10 added at different times after initiation of culture. Con-
centration of 1L-6, IL-12, and TNF-« in culture supernatant was measured
20 h after initiation of culture. The cytokine concentration (nanograms per
milliliter) in the supernatant of untreated IL-10*/* BMDC was IL-6, 24 +
6; IL-12, 26 = 2; and TNF-«, 1.3 = 0.2. The cytokine concentration
(nanograms per milliliter) in the supernatant of untreated IL-10~/~ BMDC
was IL-6, 76 = 5; IL-12, 72 = 3; and TNF-a, 13 = 2. Data are expressed
as fold change increase (positive) or decrease (negative) of treated (anti-
IL-10 mAb or IL-10) vs untreated BMDC. D, IL-10~'~ BMDC were ac-
tivated with S pneumoniae at varying bacteria BMDC ratios (200:1, 50:1,
and 10:1), and varying doses of 1L-10 (0.1, 1.0, and 10 ng/ml) were added
at different times after initiation of culture. Concentrations of 1L-12 in
culture supernatant 20 h after culture initiation were determined by ELISA,
and data are expressed as the fractioned fold change of treated (IL-10) vs
untreated BMDC.

strongly suggest that IL-10 signaling during the first 4 h after bac-
teria activation results in a progressive loss of DC responsiveness
to continued bacterial signaling, and not to a direct inhibition of
DC activation, leading to a delayed, but rapid attenuation of DC
cytokine production.

IL-10 acts early to reduce BMDC apoptosis in response to S.
pneumoniae

In the next set of experiments, we wished to determine whether the
IL-10 signaling leading to the subsequent reduction in bacteria-
induced BMDC apoptosis (see Fig. 3) occurred during the same
time frame following bacterial activation, as we observed earlier
for the IL-10 effects on cytokine secretion (see Fig. 5). Thus, in an
analogous set of experiments, various doses of IL-10 (0.1, 1.0, and
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FIGURE 6. Kineticsof BMDC responsivity to S. pneumoniae-mediated
activation. IL-10™* and IL-10~/~ BMDC were pulsed for 1-7 h with S,
pneumoniae. As a control, separate cultures of IL-10~/~ BMDC were sup-
plemented with 10 ng/ml IL-10 during the entire time of pulse with bac-
teria. After the pulse, the BMDC were thoroughly washed to remove any
endogenous or exogenous cytokines and free bacteria, and the BMDC were
then recultured in medium alone for an additiona 20 h. Culture supernatant
was then removed for measurement of concentrations of secreted IL-12 by
ELISA. To normalize the results between different groups, the values were
expressed as fold change of the cytokine concentrations produced by each
group relative to cultures receiving only 1 h of pulse, followed by 20-h
culture in medium. Each value is expressed as the mean = SEM of trip-
licate wells.

10 ng/ml) were added at various times after coculture of S pneu-
moniae with [L-10~/~ and/or 1L-10""" BMDC (200:1 bacteria
BMDC ratio), and the percentage of hypodiploid (apoptotic) cells
was enumerated 72 h after initiation of culture (Fig. 7A). Unpulsed
IL-10~/~ BMDC, even in the presence of exogenous IL-10, dem-
onstrated minimal apoptosis at 72 h. Addition of S pneumoniae
induced ~20% of the IL-10™"" BMDC to undergo apoptosis,
whereasin contrast 85% of IL-10"/~ BMDC were apoptotic at this
time point. Addition of 10 ng/ml IL-10 1 h before pulse of IL-
10"/~ BMDC with S. pneumoniae resulted in alevel of apoptosis
(~20%) comparable to that observed for pulsed IL-10"/* BMDC
alone. Lower concentrations of IL-10 resulted in progressively
higher levels of apoptosis. Delaying the addition of 1L-10 by add-
ing it at either 0 or 1 h led to a progressive increase in apoptotic
cells among the I1L-10~/~ BMDC population, an effect that was
also dose dependent. Addition of any dose of IL-10 at 3 h after
initiation of culture of 1L-10~/~ BMDC with S. pneumoniae had
no effect at all on the percentage of apoptotic cells. Thus, 1L-10
must act on BMDC no later than 1-3 h after initial contact with
bacteria to have a significant impact on the subsequent onset of
bacteria-induced apoptosis.

In a complementary study, we wished to determine the duration
of time that was required in order for autocrine IL-10 to down-
regulate BMDC apoptosis in response to S. pneumoniae. Thus,
neutralizing anti-IL-10 mAb was added on different times after
coculture of 1L-10"/* BMDC with S. pneumoniae and apoptotic
cells were enumerated 72 h after initiation of culture (Fig. 7B).
Once again, unpulsed BMDC underwent minimal apoptosisin the
presence of either anti-IL-10 mAb or isotype-matched control
mAb. Likewise, pulsed BMDC treated with an isotype-matched
control mAb exhibited ~20% apoptotic cells similar to what was
illustrated in Fig. 6A. In contrast, addition of anti-IL-10 mAb from
1 h before to 1 h after initiation of culture led to the generation of
50-65% apoptotic BMDC. Delay of addition of anti-IL-10 mAb
by 3 h allowed for sufficient IL-10 action during this first 3 h of
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percentage of hypodiploid nuclei present 72 h after initiation of culture was determined by Pl staining and flow cytometry. B, IL-10""* BMDC were
cultured in the absence or presence of S. pneumoniae (bacteriaaBMDC 200:1) in the presence of either 10 wg/ml neutralizing anti-IL-10 mAb or an
isotype-matched control mAb, added at different times after the initiation of culture. The percentage of hypodiploid nuclei present 72 h after initiation of
culture was determined by PI staining and flow cytometry. Data are expressed as the mean = SEM of triplicate cultures.

culture to reduce the percentage of apoptotic cells to ~30%,
whereas anti-IL-10 mAb added at 6 h showed a percentage of
apoptotic cells (~20%) similar to that observed with IL-10"/*
BMDC treated with control mAb. Collectively, these results indi-
cate that bacteria activate BMDC to undergo a sequence of inter-
related responses including cytokine secretion, followed by phe-
notypic maturation, and then finally apoptosis. During a short
frame of time, between 2 and 6 h of contact with the bacteria,
activated BMDC become susceptible to the modulatory action of
autocrine and paracrine IL-10.

IL-10 can potentiate BMDC induction of antibacterial 1g isotype
responses in vivo

A 24-h pulse of BMDC with S pneumoniae is much less efficient
than a5-h pulse in stimulating protein- and polysaccharide-specific
1gG isotype production upon transfer of the pulsed BMDC into
naive mice (see Fig. 1), and thisis most likely due to the onset of
BMDC apoptosis >24 h after initial contact with bacteria (see Fig.
2A). Our current results demonstrating that IL-10 can reduce
BMDC apoptosis in response to S. pneumoniae, while still allow-
ing for early bacterial uptake and BMDC activation, led us to
hypothesize that autocrine or paracrine 1L-10 will enhance the
ability of BMDC, pulsed for 24 h with S pneumoniae, to induce
protein- and polysaccharide-specific g isotype production upon
transfer into naive mice. To determine this, we pulsed IL-10"/*
and IL-10~/~ BMDC with S. pneumoniae for 24 h in the presence
of neutralizing anti-1L-10 mAb or IL-10, respectively. Serum was
collected 14 days after BMDC transfer for determination of anti-
PspA, anti-PC, and anti-Cpsl4 |g isotype titers. As shown in Fig.
8, treatment of IL-10"'~ BMDC with IL-10 significantly enhanced
their capacity to induce both antiprotein and antipolysaccharide
1gG isotype responses. Nevertheless, IL-10"/~ BMDC pulsed for
24 h in the presence of IL-10 were still somewhat less effective

than IL-10~/~ BMDC pulsed for 5 h in the absence of IL-10. In a
similar vein, treatment of 1L-10"/" BMDC, pulsed for 24 h with
anti-1L-10 mAb, further diminished their ability to induce Ag-spe-
cific 1gG isotype responses. These data strongly suggest that apo-
ptosis of BMDC consequent to induction of activation and matu-
ration in response to bacteria will lead to a termination of their
ability to act as APCs for induction of humoral immunity. Fur-
thermore, the data support the novel view that autocrine and para-
crine IL-10 do not directly inhibit DC function, but rather attenuate
the response of DC to prolonged bacterial signaling, thus poten-
tially enhancing DC longevity and APC function, while limiting
the negative effects of excessive release of proinflammatory
mediators.

Apoptotic BMDC are ineffective inducers of antibacterial 1gG
responses in vivo

We recently demonstrated that the pneumolysin released by live S
pneumoniae rapidly induces BMDC apoptosis (22), with kinetics
similar to that occurring after treatment of BMDC with a primary
inducer of apoptosis, Act D (see Fig. 2B). To determine whether
apoptotic BMDC are ineffective inducers of antibacterial Ig re-
sponses in vivo, we pulsed BMDC with heat-killed S. pneumoniae
in the presence or absence of pneumolysin-containing supernatant
from live S. pneumoniae cultures. Pneumolysin-containing super-
natant induced apoptosis in 30% of the treated BMDC by 6 h and
>80% by 20 h (data not shown). As shown in Fig. 9A, BMDC
exposed to pneumolysin during a 5-h pulse with heat-killed bac-
teria showed a striking reduction in their ability to induce 1gG
anti-PspA and significantly reduced ability to induce IgG antipo-
lysaccharide responses in vivo, upon transfer into naive recipients
relative to BMDC pulsed with heat-killed bacteria in the absence
of pneumolysin. These results strongly support the notion that ap-
optotic BMDC are ineffective inducers of humoral immunity to S.
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pneumoniae. These results also suggest that apoptosis by itself
accounts for the reduced APC function of BMDC subjected to long
periods of pulse with heat-killed bacteria.

Finaly, to directly demonstrate that the IL-10 potentiation of
BMDC-induced antibacterial 1g isotype responses was associated
with its ability to delay the induction of apoptosis, we treated
BMDC obtained from IL-10~/~ mice with an irreversible inhibitor
of caspase-10 during a 24-h pulse with heat-killed bacteria that led
to an almost complete inhibition of BMDC apoptosis (22). As
shown in Fig. 9B, treatment of IL-10~/~ BMDC with caspase-10
inhibitor significantly enhanced their capacity to induce both an-
tiprotein and antipolysaccharide 1gG responses, in a manner sim-
ilar to that following treatment with IL-10 (see Fig. 8). Moreover,
the responses induced by 1L-10~/~ BMDC pulsed during 24 h in
the presence of caspase-10 inhibitor were not significantly different
to those induced by IL-10~/~ BMDC pulsed during 5 h either in
the presence or absence of the inhibitor (data not shown). Because
these experiments were conducted in the absence of endogenous or
exogenous IL-10, they strongly suggest that the potentiation of the
antibacterial g isotype responsesin vivo by IL-10 was largely due
to their antiapoptotic effects. Recovery of APC function in vivo
was also observed for wild-type BMDC treated with caspase-10
inhibitor after a 24-h pulse with heat-killed bacteria (data not
shown).

Discussion

These data elucidate three major related issues regarding DC reg-
ulation of antibacterial humoral immunity. First, they demonstrate
that nonviable bacteria stimulate a maturational program in DC
that is associated with apoptosis. Second, DC undergoing apopto-
sislose their ahility to induce an in vivo antibacterial 1g response,
suggesting that the processing of incoming apoptotic DC |loaded
with bacteria, by viable DC resident within secondary lymphoid
organs, is not a mgjor pathway for delivery and presentation of
bacterial Ags. Finaly, these data strongly suggest that IL-10, in
contrast to being a direct inhibitor of DC function, rather modu-
lates the activation of DC by limiting the time frame during which
they can respond to continued exposure to bacteria. Specifically,
by delaying the development of apoptosis induced by prolonged
bacterial stimulation of DC, combined with its ability to attenuate
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sustained proinflammatory cytokine production, IL-10 may pro-
mote prolonged interactions of activated DC and T cells, required
for effective T cell priming, while minimizing inflammatory tissue
injury, in the context of sustained bacterial infection. Thus, these
data support the novel concept that bacterial PAMPs and IL-10
provide balanced positive and negative signaling, respectively, in
DC that may be critical for optimizing DC function in vivo.

Although a number of bacteria have been shown to induce ap-
optosis in macrophages through the direct action of specific me-
diators such as pneumolysin (24), NO (25), and the Yersinia pestis
virulence factor, Ag V (26), very little is known regarding the
ability of bacteria to induce apoptosis in DC. One report demon-
strated the ability of L. monocytogenes to rapidly induce DC ap-
optosis via the action of hemolysin (14), and we recently reported
that pneumolysin from S pneumoniae had similar effects (22).
Additionally, injection of mice with LPS induced a rapid onset
(within several hours) of DC apoptosis following DC migration
from the splenic marginal zone to the T cell zone, but the mech-
anism by which this occurred was not delineated (11). This report
further expands upon our recent results (22) demonstrating that DC
exposure to a heat-killed bacterial pathogen can trigger a matura-
tional program that terminates in apoptosis.

A substantial increase in the percentage of apoptotic cells was
observed beginning 24 h following exposure to heat-killed S. pneu-
moniae and increased to >80% by 72 h, whereas DC cultured in
medium alone showed minimal apoptotic cells at this latter time
point. These kinetics are in distinct contrast to the far more rapid
induction of apoptosis (~80% by 10 h) observed for direct apo-
ptosis inducers such as Act D (this study) as well as for live S
pneumoniae containing pneumolysin (30% by 6 h and 80% by
24 h), but not a pneumolysin-deficient isogenic mutant (22). Pneu-
molysin-containing supernatant from fresh cultures of live S. pneu-
moniae also induced thisrapid onset of apoptosis. The induction of
apoptosis in response to heat-killed S. pneumoniae, while rela-
tively delayed, required only 5 h of contact with bacteria, an ex-
posure time that was also sufficient to induce significant cytokine
release and phenotypic maturation by DC. Indeed, bacterial dose-
response studies demonstrated that the extent of induction of DC
apoptosis closely paralleled the degree of initial cytokine release
and subsequent phenotypic maturation. In this regard, endogenous
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FIGURE 9. Apoptotic BMDC are ineffective inducers of antibacterial 1gG responses in vivo; prolongation of BMDC function with a caspase-10
inhibitor. A, I1L-10""" BMDC were pulsed for 5 h with heat-killed S. pneumoniae Pn14, in culture medium alone or supplemented with bacterial
supernatants from fresh cultures of S pneumoniae grown in medium (RPMI supplemented with 5% FCS without antibiotics), before transfer into naive
C57BL/6 wild-type mice. B, IL-10~~ BMDC were pulsed for 24 h with heat-killed S. pneumoniae in the absence or presence of 50 uM of the caspase-10
inhibitor Z-AEVD, before transfer into naive wild-type mice. Sera were obtained for determination, by ELISA, of Ig isotype titers specific for PC, Cpsl4,
and PspA, 14 days after BMDC transfer. Statistically significant differences between treated and untreated BMDC are indicated by asterisks (x).

TNF-« appeared, at best, to play only a modest role in the induc-
tion of DC apoptosis. Thus, whereas macrophages are highly sen-
sitive to the proapoptotic effects of TNF-«, we observed only a
very modest reduction in DC apoptosis upon addition of a neu-
tralizing anti-TNF-a mAb, consistent with the known resistance of
DC to TNF-a-mediated cell death (27, 28). Collectively, these data
indicate that bacteria can induce either the rapid onset of DC ap-
optosis through the direct action of bacterial toxins (e.g., hemoly-
sin or pneumolysin) or, in a delayed fashion, trigger apoptosis
most likely as an end-stage event of cellular maturation. In both
situations, the outcome is a reduced ability of the DC to function
as APC for induction of humoral immunity, which most likely
promotes bacterial pathogenicity.

We previously demonstrated that necrotic DC loaded with bac-
teriawere not competent to induce 1gG antiprotein or IgM and 1gG
antipolysaccharide responses when transferred into naive mice, de-
spite their ability to enter the spleen in numbers comparable to that
seen with viable DC (8). This was somewhat surprising given the
ability of necrotic cells to stimulate innate immunity through ex-
pression of adjuvant molecules such as endogenous heat-shock
proteins. However, these data did not rule out a possible role for
apoptotic bacteria-loaded DC in stimulating in vivo humoral im-
munity. Indeed, DC have been reported to be able to cross-prime
CTL through uptake of virally infected apoptotic cells (16). Fur-
thermore, DC can internalize Salmonella-infected macrophage-ap-
optotic bodies for presentation of bacteria-encoded Ag on MHC
class | and MCH class || molecules (17). Our results demonstrate

that BMDC undergoing apoptosis following bacterial stimulation
areineffective at eliciting an in vivo antibacterial humoral immune
response. Given their relatively high expression of B7-1 and B7-2,
CD40, and MHC class I, and the reported stability (i.e., severa
days) of MHC class |1-peptide complexes on the surface of mature
DC (29, 30), it is unlikely that the defective induction of Ig by
these cells was due simply to anintrinsic lack of T cell-activating
ligands. These datainstead suggest that Ag-loaded DC are required
to play an active role in the induction of an antibacterial humoral
immune response, and that APC function is lost when DC become
apoptotic. Thus, BMDC pulsed for only 5 h with heat-killed S.
pneumoniae in the presence of pneumolysin undergo rapid apo-
ptosis and become ineffective as APC in vivo, similar to that ob-
served for BMDC pulsed with heat-killed bacteria alone for >24
h. These data strongly suggested that apoptosis also accounted for
the defectivein vivo | g responses after adoptive transfer of BMDC
treated with heat-killed bacteria for >24 h, and not to changes in
the phenotype or subset selection occurring during their culture in
vitro. Direct confirmation of this notion is provided by our obser-
vation that the inhibition of BMDC caspase-10 activity, which
almost completely blocks BMDC apoptosis induced by heat-killed
S. pneumoniae (22), restores the ability of BMDC pulsed for 24 h
with heat-killed bacteria to induce antibacterial 1g responses to the
level obtained after only a 5-h pulse with bacteria.

We further demonstrate that both autocrine and exogenous
IL-10 dramatically reduces DC apoptosis in response to bacterial
stimulation, although it has no effect on apoptosis when added to
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DC cultured in medium alone. Consistent with our hypothesis that
Ag-loaded apoptotic DC are ineffective at eliciting antibacteria 1g
responses in vivo, IL-10 restores the ability of pulsed DC from
extended in vitro cultures to €licit Ig responses upon transfer into
naive mice. The full antiapoptotic effect of 1L-10 is observed only
when it acts over the first 4—6 h following exposure to bacteria,
and if IL-10 addition to pulsed IL-10~/~ DC culturesis delayed by
as little as 2—4 h, it has no antiapoptotic effect. Thus, the time
frame for the antiapoptotic action of IL-10 is strikingly similar to
that required to obtain significant induction of cytokine release and
maturation in response to bacteria. Indeed, the down-regulation of
apoptosis in response to IL-10 is directly paralleled by a corre-
sponding decrease in DC cytokine secretion and phenotypic mat-
uration, consistent with our hypothesisthat DC apoptosisisaresult
of terminal maturation.

Numerous studies have demonstrated the ability of IL-10 to in-
hibit the release of proinflammatory mediators during the innate
phase of the immune response (31-33), suggesting that IL-10 isa
potent inhibitor of adaptive immunity. However, our data suggest
that this view may require some revision. Specifically, we observe
that 1L-10 does not directly inhibit DC activation in response to
heat-killed S. pneumoniae, in that DC responsiveness to the cyto-
kine-inducing effects, as well as DC uptake, of the bacteria, during
thefirst 4 h of culture is completely unaffected by the presence of
IL-10. However, as aresult of 1L-10 action, DC responsiveness to
the bacteria significantly declines at latter time points as reflected
by a progressive diminution in ongoing cytokine release despite
continual bacterial exposure. In distinct contrast, in the absence of
IL-10, DC continue to respond to bacteria over a 7-h period, as
evidenced by progressively increasing cytokine secretion. Thus,
IL-10 is acting not as a direct inhibitor of DC activation, but rather
by limiting the initial time period during which DC can respond to
bacteria. This then serves to effect a balanced level of cytokine
release, bacterial uptake, maturation, and a consequent enhance-
ment in DC life span, despite prolonged bacterial exposure. Given
the requirement for sustained DC-T cell interaction for effective
CD4* T cell priming (9), IL-10 acting at the level of the DC may
ultimately help to promote the subsequent adaptive response.

Of interest, in contrast to 1gG, the in vivo IgM, antipolysaccha-
ride response was not reduced by prolonged culture of bacteria-
pulsed BMDC before transfer into naive mice. We previously
demonstrated that the IgM and IgG antipolysaccharide responses
to S pneumoniae are T cell independent and dependent, respec-
tively (20, 34). Given that the mgjority of transferred BMDC were
viable immediately before transfer, but were poised to rapidly un-
dergo apoptosis thereafter, the data suggest that induction of the
IgM antipolysaccharide response either requires a briefer period of
active DC help than that needed for optimal induction of 1gG, or
that apoptotic DC may indeed be stimulatory in this context. In
support of the former notion, an active role for DC in mediating
direct help for activated B cells has been reported (35) and may
thus be particularly important for DC induction of the T cell-in-
dependent polysaccharide-specific IgM response. In contrast, the
requirement for more prolonged DC viahility for induction of 1gG
antiprotein and 1gG antipolysaccharide responses may reflect the
additional need for prolonged DC interactions with T cells for
effective T cell priming.
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